INTRODUCTION
Survivin expression is tightly controlled in normal human tissues, but it is overexpressed in many malignancies, including oesophageal cancer [1] . Furthermore, survivin overexpression has been shown to be associated with decreased survival in oesophageal cancer [2] . Overexpression of survivin probably contributes to neoplastic transformation through its important roles in regulating both mitosis and apoptosis. During metaphase and anaphase, survivin stabilizes microtubules in the mitotic spindle [3] . In addition, survivin targets chromosomal passenger proteins, such as Borealin and Aurora B, to kinetochores [4] . These processes are essential for activation of the spindle assembly checkpoint and completion of cytokinesis. The role of survivin in preventing apoptosis is not as well defined, although it appears to inhibit caspase function through association with other IAP (inhibitor of apoptosis) family members [5] . On the basis of its dual roles in promoting tumorigenesis, differential expression patterns in normal and malignant tissue, and association with poor outcomes, survivin is an attractive target for oesophageal cancer therapy. As an initial step in devising therapies targeting survivin, a more detailed understanding of the regulation of survivin in normal oesophageal epithelial cells will be critical.
The precise mechanisms regulating survivin overexpression during the transformation from normal to neoplastic cells remain to be elucidated. The survivin gene has not been shown to be mutated in any human cancers, suggesting that changes in its transcriptional and post-transcriptional regulation are responsible for its overexpression. Accumulating evidence attributes a critical role in malignant transformation to posttranscriptional mechanisms mediated by RNA-binding proteins [6] . These proteins bind to defined sequences in target mRNA molecules and regulate their association with subcellular sites of translation or degradation [7] . By affecting processing of mRNA molecules that have already been transcribed, efficient alteration in expression of a wide variety of genes is made possible.
The most well-characterized RNA-binding protein HuR (Hu antigen R) is a member of the embryonic lethal abnormal vision Drosophila-like family of RNA-binding proteins. These proteins were initially identified as specific tumour antigens in patients who had paraneoplastic neurological phenomena [8] . HuR contains two N-terminal RNA-recognition motifs which recognize with high affinity U-rich elements and AREs (AUrich elements) generally in the 3 -UTRs (untranslated regions) of target mRNA molecules [9] . In response to various stimuli, HuR translocates from the nucleus into the cytoplasm in order to stabilize and/or enhance the translational efficiency of its target mRNAs [10] . Several HuR target mRNAs encode proteins that mediate anti-apoptotic functions, suggesting a role for HuR in oncogenesis [11] . In a survey of healthy and malignant tissue Abbreviations used: AMPK, AMP-activated protein kinase; ARE, AU-rich element; BEBM, bronchial epithelial cell growth medium; CR, coding region; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent protein; AdGFP, adenoviral vector expressing GFP; HEK, human embryonic kidney; hESO, human oesophageal epithelial; HuR, Hu antigen R; AdHuR adenoviral vector expressing HuR; IAP, inhibitor of apoptosis; IGF-1, insulin-like growth factor-1; IP, immunoprecipitation; pfu, plaque-forming units; pVHL, von Hippel-Lindau tumour-suppressor gene product; qRT-PCR, quantitative real-time PCR; RNP, ribonucleoprotein; RT, reverse transcription; siRNA, small interfering RNA; sip53, siRNA directed against p53; survivin-luciferase, survivin-promoter luciferase reporter construct; TBS-T, Tris-buffered saline containing Tween 20; UTR, untranslated region; XIAP, X-linked IAP. 1 These authors contributed equally to the present study. 2 To whom correspondence should be addressed (email rbattafarano@smail.umaryland.edu).
arrays from 300 specimen pairs, expression of HuR was increased in the vast majority of malignant tissue samples compared with the normal-tissue counterpart [12] . Furthermore, in studies of breast, colon, lung and ovarian cancer patients, increased HuR expression was consistently correlated with advanced stage and poor survival [13, 14] . A recent report from our laboratory has demonstrated that XIAP (X-linked IAP), another member of the IAP family, undergoes important post-transcriptional regulation by HuR [15] . In normal rat intestinal epithelial cells, HuR was found to bind the 3 -UTR as well as the CR (coding region) of XIAP mRNA. Overexpression of HuR enhanced both the stability and translational efficiency of XIAP mRNA, resulting in increased XIAP protein levels. Furthermore, silencing HuR resulted in decreased XIAP levels and decreased resistance to apoptosis in these cells. On the basis of the similarities between HuR and XIAP, we hypothesized that overexpression of HuR would lead to increased survivin levels. However, it has been shown previously by others [16] and our group [17] that HuR can bind and both stabilize and enhance the translation of p53 mRNA. As p53 is a potent repressor of survivin transcription, it is unclear to what extent HuR can modulate survivin expression in the presence of p53 [18, 19] .
The purpose of the present study was to determine whether HuR binds survivin mRNA and to understand the functional consequences of this interaction in hESO cells (human oesophageal epithelial cells). Our results indicate that HuR binds a 288 bp region of the 3 -UTR of survivin. Overexpression of HuR leads to a decrease in survivin protein levels. This was associated with a corresponding increase in p53 protein levels and a decrease in both survivin mRNA levels and promoter activity, suggesting decreased survivin transcription. Silencing p53 prior to HuR overexpression results in increased survivin protein levels, in part through enhanced survivin mRNA stability.
EXPERIMENTAL

Chemicals and supplies
Disposable tissue culture ware was purchased from Corning Glass Works. Tissue culture media and FBS (fetal bovine serum) were obtained from Invitrogen. The affinity-purified rabbit polyclonal antibody against survivin was purchased from R&D Systems. The purified mouse monoclonal antibody against p53 was purchased from BD Biosciences, and the antibody against HuR was purchased from Santa Cruz Biotechnology.
Cell culture
hESO cells were derived from human oesophageal specimens harvested at the time of donor lung procurement. Approval was granted by the Washington University School of Medicine Institutional Review Board. These oesophageal epithelial cells were maintained in BEBM (bronchial epithelial cell growth medium) (Lonza) supplemented with 20 % (v/v) heat-inactivated FBS and the BEGM Bullet Kit. Passages 5-20 were used for experiments. Cells were maintained in T-150 flasks in a 37
• C incubator with 5 % CO 2 humidified air.
Western blot analysis
Whole-cell lysates were prepared using 2 % (w/v) SDS sample buffer [250 nM Tris/HCl (pH 6.8), 2 % (w/v) SDS, 20 % (v/v) glycerol and 5 % (v/v) mercaptoethanol], vortex-mixed and then centrifuged (14 000 g) at 4
• C for 10 min. The supernatants from cell samples were boiled for 5 min and then subjected to SDS/PAGE on 10 or 15 % (w/v) polyacrylamide gels. After transferring proteins on to nitrocellulose filters, the blots were incubated for 1 h in 5 % (w/v) non-fat dried milk in TBS-T {Tris-buffered saline [25 mM Tris/HCl (pH 7.4) and 150 mM NaCl] containing 0.1 % Tween 20}. Immunological evaluation was then performed for 1 h in 5 % (w/v) non-fat dried milk in TBS-T containing the specific antibody against HuR, p53 or survivin. The filters were subsequently washed with TBS-T and incubated for 1 h with the appropriate secondary antibody conjugated to HRP (horseradish peroxidase). After extensive washing with TBS-T, the immunocomplexes on the filters were reacted for 1 min with chemiluminescence reagent (NEL-100; NEN), and exposed to autoradiography film for 10-60 s.
RNA interference
The siRNA (small interfering RNA) specifically targeting the CR of p53 mRNA (sip53) was purchased from Cell Signaling Technology. Scrambled control siRNA, which had no sequence homology with any known genes, was used as the control (5 -AAGTGTAGTAGATCACCAGGC-3 ). For each 60-mm-diameter cell-culture dish, 30 μl of the 10 μM stock duplex sip53 or control siRNA were mixed with 500 μl of Opti-MEM (Invitrogen). The mixture was gently added to a solution containing 10 μl of Lipofectamine TM RNAi-Max (Invitrogen) in 500 μl of Opti-MEM. The solution was incubated for 15 min at room temperature (25
• C) and gently overlaid on to monolayers of cells in 3 ml of medium. Cells were harvested for various assays after incubation for 24-48 h.
RT (reverse transcription)-PCR and qRT-PCR (quantitative real-time PCR) analysis
Total RNA was isolated by using an RNeasy mini kit (Qiagen) and used in RT and PCR-amplification. qRT-PCR was performed using 7500-Fast Real-Time PCR Systems (Applied Biosystems) with specific primers, probes and software (Applied Biosystems). The levels of HuR, p53 and survivin mRNA were quantified by qRT-PCR analysis and normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) levels.
Recombinant viral infection
Construction of recombinant adenoviral vectors containing fulllength cDNA of either HuR (AdHuR) or GFP (green fluorescent protein; AdGFP) under the control of the human cytomegalovirus immediate early gene promoter was described previously using the Adeno-X Expression System (Clontech) [20] . Recombinant adenoviral plasmids were packaged into infectious adenoviral particles by transfecting HEK (human embryonic kidney)-293 cells using Lipofectamine TM Plus reagent (Invitrogen). The adenoviral particles were propagated in HEK-293 cells and purified upon caesium chloride ultracentrifugation. Titres of the adenoviral stock were determined using a standard plaque assay. hESO cells were infected with AdGFP or AdHuR at doses ranging from 25-50 pfu (plaque-forming units)/cell.
Preparation of synthetic RNA transcripts
cDNA from hESO cells was used as a template for PCRamplification of the CR and the 3 -UTR of survivin. The 5 primers contained the T7 RNA polymerase promoter sequence: 5 -CCAAGCTTCTAATACGACTCACTATAGGGAGA-3 . To prepare the CR of survivin (spanning positions 66-619), oligonucleotides (T7)5 -CCATTAACCGCCAGATTTGA-3 and 5 -TCAATCCATGGCAGCCAGCT-3 were used. To prepare the survivin 3 -UTR template (spanning position 773-2576), oligonucleotides (T7)5 -TGTCTTGAAAGTGGCACCAG-3 and 5 -ACTTTCCAGGATGGCAGTTG-3 were used. PCR-amplified products were used as templates to transcribe biotinylated RNAs by using T7 RNA polymerase in the presence of biotin-CTP, as described previously [21] . Various short RNA probes for 3 -UTR fragments of survivin (see Figure 1C ), including F-1 to F-8, were synthesized in the Biopolymer Laboratory at the University of Maryland, Baltimore, MD, U.S.A.
RNA-protein-binding assays
For biotin pull-down assays, biotinylated transcripts (6 μg) were incubated with 120 μg of cytoplasmic lysates for 30 min at room temperature. Complexes were isolated with paramagnetic streptavidin-conjugated Dynabeads (Dynal). Protein was then isolated from the complexes and analysed by Western blot analysis. Actin was used as a control for binding specificity in these experiments. To assess the association of HuR with endogenous survivin mRNA, IP (immunoprecipitation) of HuRmRNA complexes was performed as described previously [22] . hESO cells (2×10 7 ) were collected per sample and lysates were used for IP for 4 h at room temperature in the presence of excess (30 μg) IP antibody (IgG or anti-HuR). RNA in the material from the IP was used in RT-PCR followed by PCR analysis to detect the presence of survivin mRNA.
Transfection and luciferase assay
Construction of the survivin promoter luciferase reporter vector (survivin-luciferase) has been described previously [23] . hESO cells were seeded into 12-well plates 24 h before transfection at a density of 6×10 4 cells/well. The next day, cells were co-transfected with 0.3 μg of survivin-luciferase, 0.15 μg of a control plasmid containing the Renilla luciferase reporter gene (Promega) and 50 pfu/cell of AdHuR or AdGFP in 0.7 μl of Lipofectamine TM 2000 (Invitrogen). Measurement of luciferase activity was performed 24 h after transfection by using the Dual Luciferase Reporter Assay System (Promega), according to the manufacturer's protocol. Briefly, cells were washed twice with PBS and solubilized with 100 μl of lysis buffer. The lysates were collected and luciferase activity was determined in aliquots (20 μl) of the supernatants using a Microtiter Plate Luminometer and Revelation 4.06 Software (Dynex Technologies). The levels of luciferase activity from individual constructs were normalized to Renilla luciferase activity in every experiment.
Stability experiments
The stability of p53 and survivin mRNA was measured after transfection of hESO cells following the addition of actinomycin D (5 μg/ml) to the medium. Total cellular RNA was isolated at the indicated times after exposure to actinomycin D, and the remaining levels of survivin or p53 mRNAs were measured by qRT-PCR analysis. Non-linear regression analysis was used to calculate mRNA half-life.
Statistics
Values are means + − S.E.M. from three to six samples. Autoradiographic and immunoblotting results were repeated three times. The significance of the difference between means was determined by ANOVA. The level of significance was determined using Duncan's multiple range test.
RESULTS
Cytoplasmic HuR binds to the 3 -UTR of survivin
As shown in Figure 1(A) , the 3 -UTR of survivin mRNA contains multiple AREs which serve as potential HuR-binding sites. In order to determine whether HuR binds the 3 -UTR of survivin mRNA, we first incubated biotinylated transcripts spanning the 3 -UTR and CR of survivin with cytoplasmic cell lysates from hESO cells. As detected by Western blot analysis of the pulleddown material, the survivin 3 -UTR transcript was observed to readily bind HuR ( Figure 1B) . Notably, transcripts corresponding to the survivin CR demonstrated no binding to HuR. To examine the specificity of this interaction, the 3 -UTR of survivin mRNA was divided into eight different fragments containing one to four potential HuR-binding sites ( Figure 1C ). Biotinylated transcripts of each fragment were synthesized and their association with HuR tested in pull-down assays. HuR was found to bind most strongly to the 288 bp fragment termed F-2, whereas less binding was observed in the 298 bp F-1 fragment ( Figure 1D ). HuR had minimal to no association with fragments F-3 to F-8 although those regions contained AREs. These binding assays demonstrate that HuR is able to bind the 3 -UTR of survivin mRNA through specific binding sites in hESO cells. We also examined the interaction of intracellular survivin mRNA with HuR by immunoprecipitating HuR under conditions which preserve its association with target mRNAs in RNP (ribonucleoprotein) complexes. In these experiments, RNP complexes were immunoprecipitated with the anti-HuR antibody. Following isolation of RNA, the presence of endogenous survivin mRNA in these RNP complexes was confirmed by RT-PCR analysis ( Figure 1E ). Survivin mRNA was almost undetectable in nonspecific IgG IPs.
Overexpression of HuR decreases survivin expression through decreased transcription
To elucidate the role HuR plays in regulating survivin, we examined the effect of overexpressing HuR on survivin expression in hESO cells. AdHuR was used as the HuR-overexpression vector [20] . AdGFP was used as the control. Infection of AdHuR for 24 h in hESO cells resulted in a significant increase in HuR protein levels at both 25 and 50 pfu/cell, whereas AdGFP failed to induce HuR expression (Figure 2A ). By contrast, survivin protein levels showed a dose-dependent decrease after overexpression of HuR.
Because HuR generally binds and stabilizes target mRNAs, the decrease in survivin protein levels following HuR overexpression was unexpected. Before contemplating that the interaction with HuR led to the degradation of survivin mRNA, we wanted to investigate whether HuR might be influencing survivin protein levels through an intermediary. In order to determine whether transcription of survivin decreased following HuR overexpression, we first measured levels of survivin mRNA by qRT-PCR analysis. As shown in Figure 2 (B), survivin mRNA levels significantly decreased following transfection with 50 pfu/cell AdHuR for 24 h relative to AdGFP transfection. We next measured activity of the survivin promoter following AdHuR transfection. These experiments utilized co-transfection of AdHuR or AdGFP with survivin-luciferase. Overexpression of HuR resulted in a significant decrease in survivin promoter activity compared with control ( Figure 2C ).
Overexpression of HuR increases p53 expression by enhancing the stability of p53 mRNA
Previous studies from others [16] and our group [17] have shown that HuR is able to both stabilize and enhance the translation of p53 mRNA. Because p53 has been shown to be a potent negative regulator of survivin transcription, we next assessed p53 levels following HuR overexpression. As shown in Figure 3(A) , Western blot analysis showed a dose-dependent increase in p53 levels following infection with AdHuR, but not with AdGFP. In order to understand the mechanism by which HuR overexpression leads to increased p53 levels, we measured the stability of p53 mRNA. In these experiments, cells were transfected with 50 pfu/cell AdHuR or AdGFP for 24 h. At that time, cells were exposed to actinomycin D to inhibit transcription. qRT-PCR analysis was performed to measure p53 mRNA levels at 0, 2, 4, 6 and 8 h following the addition of actinomycin D. HuR overexpression increased the half-life of p53 mRNA from 18.7 to 27.7 h ( Figure 3B ).
Overexpression of HuR following p53 silencing increases survivin expression
Owing to the confounding effects of p53 on the relationship between HuR and survivin, we silenced p53 while simultaneously overexpressing HuR. In these experiments, hESO cells were co-transfected with control siRNA or sip53 and either AdGFP or AdHuR for 24 h. p53 and HuR protein expression was confirmed to be decreased and increased respectively following co-transfection with sip53 and AdHuR ( Figure 4A ). Although silencing p53 without HuR overexpression resulted in increased survivin protein levels, this increase was more pronounced following HuR overexpression. This suggests that the increase in survivin expression following p53 silencing and HuR overexpression was not due solely to improved survivin transcription. In order to better define the role of transcription, these co-transfection experiments were repeated and qRT-PCR analysis was done to measure mRNA levels. p53 mRNA levels were confirmed to decrease and HuR mRNA levels to increase following p53 silencing and HuR overexpression respectively ( Figure 4B ). As anticipated, in the control-siRNA groups, survivin mRNA levels decreased following co-transfection with AdHuR in comparison with AdGFP. Following silencing of p53 and HuR overexpression, survivin mRNA levels increased relative to the control siRNA groups, but the increase was modest, and probably not enough to explain the previously observed marked increase in survivin protein expression. These results suggest a direct role for HuR in modulating the increase in survivin expression observed following silencing of p53.
Silencing p53 and overexpression of HuR increases the stability of survivin mRNA
To identify the post-transcriptional mechanism by which HuR mediates an increase in survivin protein expression in the absence of p53, we performed a stability assay. As described above, hESO cells were co-transfected with control siRNA or sip53 and AdHuR for 24 h. At that time, cells were exposed to actinomycin D to inhibit transcription. qRT-PCR analysis was performed to measure survivin mRNA levels at 0, 2, 4 and 6 h following the addition of actinomycin D and survivin mRNA stability curves were generated. The estimated half-life of survivin mRNA following co-transfection with control siRNA + AdHuR was 4.4 h ( Figure 5 ). However, following co-transfection with sip53+AdHuR, the estimated half-life of survivin mRNA more than doubled to 9.1 h. This experiment demonstrates that HuR is able to directly increase survivin expression through post-transcriptional stabilization of survivin mRNA in the absence of p53. Half-life of survivin mRNA in hESO cells after infection with sip53 or C-siRNA for 5 h followed by the addition of AdHuR for overnight incubation at a multiplicity of infection of 50 pfu/cell. Total cellular RNA was isolated at the indicated times after administration of actinomycin D (5 μg/ml), and the remaining levels of survivin mRNAs were measured by qRT-PCR analysis.
DISCUSSION
In normal tissues, the synthesis and degradation of survivin is tightly controlled in a cell-cycle-dependent manner. Transcription of survivin increases during the G 2 -M transition [24] . Multiple factors have been shown to enhance survivin transcription, including NF-κB (nuclear factor κB) [25] , H-Ras [26] , STAT3 (signal transducer and activator of transcription 3) [27] and Wnt [28] . Conversely, p53 has been shown to profoundly decrease survivin transcription [18, 19, 23] . Similarly, regulation of survivin at the protein level has been well described. Following translation, the survivin protein is ultimately degraded by the ubiquitinproteasome pathway [29] . Stabilization of the survivin protein occurs after binding with heat-shock protein 90 [30] . Similarly, the aryl hydrocarbon receptor-interacting protein has been shown to enhance survivin protein stability by preventing its degradation [31] .
Findings regarding the post-transcriptional regulation of survivin at the RNA level are scarce. Following transcription, alternative splicing of survivin mRNA has been demonstrated to yield isoforms with different expression patterns and varying abilities to inhibit apoptosis [32] . An intriguing report from Vaira and co-workers [33] has described how activation of the IGF-1 (insulin-like growth factor-1)/mTOR (mammalian target of rapamycin) signalling pathway markedly increased survivin protein levels in serum-deprived prostate cancer cells [33] . This increase in survivin protein was independent of increased survivin gene transcription or changes in protein stability. Instead, IGF-1 was found to modulate improved stability and enhanced translation of a pre-existing pool of survivin mRNA, although the mechanism by which this occurred was not elucidated. Finally, we have recently shown that markedly reducing survivin transcription by overexpressing p53 in p53-null oesophageal cancer cells does not decrease survivin protein levels, further implicating post-transcriptional mechanisms in regulating survivin expression [23] .
The results of the present study demonstrate that survivin mRNA can be directly regulated by HuR in hESO cells. Survivin mRNA contains multiple AREs in the 3 -UTR which are predicted to be HuR-binding sites. The binding of HuR to survivin mRNA is quite specific and restricted to a 288 bp fragment of the 3 -UTR. No binding of HuR to the survivin mRNA CR could be detected. This differs from previous findings with XIAP in which HuR bound to both the CR and 3 -UTR [15] . Since HuR generally stabilizes and/or enhances the translation efficiency of its target mRNAs, we predicted that overexpression of HuR would lead to an increase in survivin levels in hESO cells. The finding that HuR overexpression resulted in a decrease in survivin protein levels was initially surprising. This decrease in protein levels was associated with a corresponding decrease in survivin mRNA levels and promoter activity, suggesting reduced survivin transcription. Our present findings indicate that this decrease in survivin transcription is related to the increase in p53 protein observed following HuR overexpression.
Evidence for post-transcriptional regulation of p53 was first reported in 1984 in cells exposed to UV irradiation [34] . More recently, the mechanism of increased p53 protein levels in response to UV irradiation has been shown to be related to enhanced translation mediated by HuR binding to the p53 mRNA 3 -UTR [8] . The interaction between HuR and the p53 mRNA 3 -UTR is complex and appears to be cell-specific. In pVHL(+) (von Hippel-Lindau tumour-suppressor gene product) renal carcinoma cells, HuR binding to the 3 -UTR of p53 mRNA was found to be enhanced and associated with increased p53 translation and protein levels when compared with pVHL(−) cells [35] . This effect was related to increased cytoplasmic abundance of HuR in pVHL(+) cells, probably related to decreased AMPK (AMP-activated protein kinase) activity in these cells. Previous studies have demonstrated that AMPK is activated in the cellular response to stress and enhances the nuclear import of HuR through phosphorylation of importin α1 [36] . In addition to improving its translation efficiency, HuR can also enhance the stability of p53 mRNA. Our group has shown that HuR can bind and stabilize p53 mRNA in normal intestinal epithelial cells in the setting of polyamine depletion, which also significantly enhances cytoplasmic levels of HuR through a decrease in AMPK levels [17, 37] .
In the present study, we were not able to demonstrate a direct effect resulting from HuR binding to survivin mRNA until p53 was silenced. After p53 silencing, we observed an increase in survivin protein levels with HuR overexpression. This was associated with improved stability of survivin mRNA. These findings add to our understanding of the complex interaction between p53 and survivin. In addition to functioning as a repressor of survivin transcription by direct binding to the survivin promoter, p53 maintains low survivin levels by multiple other mechanisms. p53 also decreases survivin transcription by increasing levels of p21, which can also directly reduce survivin transcription [38] . By promoting methylation of the survivin promoter, p53 is able to further reduce survivin transcription [39] . Furthermore, p53 also plays a role in regulating splicing of the survivin transcript. A review of 162 breast carcinomas revealed that loss of functional p53 was correlated not only with increased survivin levels, but also increased levels of the anti-apoptotic splice variants Ex3 and 3B [40] . Our present results suggest that the loss of p53 is a critical factor leading to the overexpression of survivin in the development of oesophageal cancer by increasing both survivin transcription and stabilization of survivin mRNA by HuR.
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